Abbreviations
=============

IgG

:   immunoglobulin G

Fab

:   antigen-binding fragment

Fc

:   fragment crystallizable

HC

:   immunoglobulin heavy chain

LC

:   immunoglobulin light chain

scFv

:   single-chain fragment variable

BiTE

:   bispecific T-cell engager

PK

:   pharmacokinetics

FcR

:   Fc receptor

KIH

:   knob-into-hole

EpCAM

:   epithelial cell adhesion molecule

HER2

:   human epidermal growth factor receptor 2

LC-MS

:   liquid chromatography-mass spectrometry

CHO

:   Chinese hamster ovary

FACS

:   fluorescence-activated cell sorting

ELISA

:   enzyme-linked immunosorbent assay

Introduction {#s0001}
============

With progress in the understanding of complex diseases such as cancer, inflammatory diseases and infectious diseases, more efficacious therapeutics can be designed and developed. One of the desired therapeutic properties for new therapeutics is multispecificity that will: 1) recruit effector cells to enhance killing; 2) prevent crosstalk between parallel/redundant signaling pathways to overcome resistance; 3) differentiate diseased cells from normal cells for improved safety and efficacy; and 4) potentially provoke synergetic effects.[@cit0001] Bispecific antibodies, which comprise a single molecule capable of recognizing 2 targets, have recently drawn attention as an emerging group of therapeutics to fulfill such unmet medical needs. Such characteristics are not only appreciated for the aforementioned functions, but also greatly favored by pharmaceutical companies from a cost-of-goods perspective.

The first approved bispecific antibody, catumaxomab (Removab®), comprises a T-cell engaging arm (anti-CD3) and a tumor-targeting arm (anti-epithelial cell adhesion molecule) in a canonical IgG format.[@cit0005] It is produced from a mouse/rat quadroma (hybrid hybridoma) cell, in theory resulting in 12.5% of the total products possessing the desired dual specificity, though preferential pairing between intra-species HC and LC would most likely give rise to a higher amount of bispecific IgG with correct assembly.[@cit0003] Such a prodigal process can be largely improved by expression and purification of individual antibodies followed by chemical coupling of 2 IgGs (IgG~2~) or Fab fragments (F(ab')~2~).[@cit0007] This chemical method has also been utilized to conjugate a pharmacophore peptide heterodimer to the catalytic center of a scaffold IgG, resulting in the CovX-Body.[@cit0008]

The majority of bispecific antibodies are generated by genetic engineering. As described in a recent comprehensive review by Kontermann,[@cit0004] more than 45 different bispecific formats have been developed, ranging in molecular mass from 15 kDa (VHH)[@cit0009] to 150 kDa (natural IgG), to 350 kDa (Dock-and-Lock(DNL)-Fab~4~-IgG).[@cit0010] There are 3 broad categories of bispecific antibody design. The first category makes use of a conventional IgG[@cit0011] or Fab[@cit0014] as a platform, and introduces a second functional entity as a single variable domain (sVD), single-chain variable fragment (scFv) or single-chain Fab to the N- or C-terminus of the light chain (LC) or heavy chain (HC) via a flexible peptide linker, leading to tetravalent or hexavalent bispecific antibodies. Among the 3 formats, scFv is most popular because its compact structure of tandem linked V~L~ and V~H~ domains makes the molecule highly amenable to gene engineering, yet it still possesses complete antigen-binding activity.[@cit0015] Alternative formats include DVD-Ig^TM^ (dual variable domain immunoglobulin, tandem linkage of the second V~H~ and V~L~ to the N-termini of HC and LC, respectively),[@cit0017] Tandemab (tandem linkage of 2 V~H~-C~H~1 in combination of common LC),[@cit0018] DNL (natural association of 2 antibodies or antibody fragments anchored with DDD (dimerization and docking domain) from PKA (protein kinase A) and AD (anchoring domain) from A-kinase anchor protein (AKAP), respectively),[@cit0010] LUZ-Y (leucine zipper tethered at the C-termini of HC and later proteolytically removed),[@cit0020] 2-in-1-IgG (same LC and HC capable of dual recognition),[@cit0021] and mAb[@cit0002] (engineered loops in C~H~3 domain of IgG to obtain second specificity).[@cit0022] Except for the last 3 models described above, bispecific antibodies in this category potentially have higher risk of immunogenicity due to their non-natural IgG structures.

Bispecific antibodies in the second category are characterized by simple structures with variable domains or scFvs as the building blocks. For example, the smallest bispecific antibody, VHH, is made of 2 V~H~ domains in tandem.[@cit0009] Two formats are widely utilized to generate small bispecific antibodies. One is the Diabody (Db), which is a heterodimer composed of 2 polypeptide chains encoding V~L~A-V~H~B and V~H~A-V~L~B in the order of V~H~-V~L~ or V~L~-V~H~ with a linker of 5 amino acids.[@cit0023] Its derivatives include, but are not limited to, dsDb (interchain disulfide bond between V~L~ and V~H~ of the same antibody),[@cit0024] DART (dual-affinity re-targeting, interchain disulfide bond between 2 V~L~),[@cit0025] scDb (single chain Diabody),[@cit0026] and tandAbs (Diabody dimer via flexible linkers in between).[@cit0027] The other is the BiTE® (bispecific T-cell engager), which is composed of 2 scFvs connected in tandem by an adjustable linker.[@cit0028] Because of their unique structural features, the more compact Diabody is often employed as a diagnostic tool or drug delivery vehicle,[@cit0029] while BiTEs are generally developed as anti-cancer therapeutics to co-localize T cells and tumor cells to form immunologic synapses and therefore trigger tumor cell cytotoxicity.[@cit0006] One of the caveats of this category, especially for the BiTE, is also its size (50 kDa), which necessitates continuous intravenous administration to overcome the quick renal serum clearance.[@cit0028] As such, different fusion techniques have been explored to extend serum half-life. The candidates for fusion include Fc, C~H~3 (e.g., Minibody[@cit0030]), albumin, albumin binding peptide,[@cit0031] and cytokines.[@cit0019]

In the third category, natural IgG-like structures are favored because of their desirable pharmacokinetic (PK) properties, low immunogenicity risk, and retained stability and Fc receptor affinity.[@cit0003] The dual specificities are conferred by each Fab, requiring a classical IgG assembly but with 4 distinctive polypeptide chains (2 different LCs and 2 different HCs). Random chain associations, namely LC mispairing and unwanted HC homodimerization, initially hindered the development of such bispecific antibodies, but these drawbacks have been progressively overcome by judicious genetic engineering. The application of a common light chain,[@cit0032] orthogonal Fab interface (complementary mutations introduced at LC and HC interface in one Fab and no change to the other Fab),[@cit0034] or CrossMab (one Fab with switched V~H~ or C~H~1 domain(s) with the partner V~L~ or C~L~ domain(s) and the other Fab untouched)[@cit0035] have essentially eliminated the mispairing of LCs. Alternatively, replacing Fab with scFv or BiTE as the binding entity has been applied to overcome LC mispairing, resulting in scFv-knobs-into-holes (KIH)-Fc or BiTE-KIH-Fc.[@cit0004] Meanwhile, a number of engineering strategies in C~H~3 domains have also significantly enhanced HC heterodimerization based on steric[@cit0036] or electrostatic complementarity.[@cit0039] Among them, the most successful and widely applied route is knobs-into-holes, in which a "knob" is created by replacing T366 with a bulky residue W on one HC, and the corresponding "hole" is made by triple mutations of T366S, L368A and Y407V on the partner HC.[@cit0032] KIH-directed HC heterodimer formation renders more than 90% desired product under co-expression conditions, making it feasible for scalable production to satisfy clinical and market needs.[@cit0036] In addition, a more intense engineering approach has created alternating human IgG and IgA fragments in C~H~3, resulting in the so-called SEEDbody (Strand-Exchange Engineered Domain) to guide HC heterodimerization.[@cit0042]

Production of KIH bispecific antibodies to high purity has always been challenging due to the inherent complexity of the molecule. For example, the efficient co-expression of KIH relies on approximately equal expression of both knob and hole. Therefore, the selection of such a stable expression clone is a prerequisite for KIH production using *E. coli* or mammalian cells, and could be a laborious and time-consuming process.[@cit0003] Although downstream processes such as selective Protein A purification of C~H~3 mutants[@cit0043] and in vitro assembly (separate expression of knob and hole followed by mixture of knob and hole at appropriate redox condition to induce assembly)[@cit0037] have demonstrated their feasibility in generating high quality KIH molecules, additional obstacles may appear, such as immunogenicity induced by mutations or cost increase. As such, co-expression remains the preferable method for KIH production.

Cell-free synthesis (Xpress CF) is an in vitro transcription/translation system using *E. coli* based extract.[@cit0046] Without the limitation of cell viability imposed by conventional expression systems, Xpress CF is capable of protein expression at g/L scale within hours, and has been demonstrated to retain high productivity in transition from micro- to manufacturing scale. Its open and flexible nature can tolerate multifarious manipulations in extract, DNA template, and chemical and protein additives,[@cit0046] which makes it amenable for high-throughput screening by automation.[@cit0050] Over the years, its utilization has expanded to include production of IgGs and antibody derivatives,[@cit0046] antibody-drug conjugates,[@cit0049] vaccines,[@cit0051] membrane proteins,[@cit0052] metalloproteins,[@cit0053] and viral proteins.[@cit0054]

We report bispecific antibody expression, in particular KIH, using Xpress CF in this study. The high manipulability of the system[@cit0046] enables expeditious optimization of knob:hole plasmid ratio to achieve most efficient KIH assembly, as well as an "add-back" approach with prefabricated knob or hole for higher titer. Multiple KIH scaffolds have been investigated, including 2-armed heterodimeric scFv-KIH and one-armed asymmetric BiTE-KIH with tandem scFv ([**Fig. 1**](#f0001){ref-type="fig"}), providing insights to guide rational KIH design for better assembly and titer. Furthermore, Xpress CF has been demonstrated to scale in a linear fashion from small scale expression to pilot scale production,[@cit0046] making it capable of KIH production at a large scale. Figure 1.KIH scaffolds. Two different scFv (in circles) are anchored on Fc(K) and Fc(H), respectively, defined as scFv-KIH or scFv-KIH^r^ (the reversed arrangement of scFv-KIH). Alternatively, 2 scFv are connected with a flexible linker, resulting in a BiTE. BiTE-KIH is defined as BiTE on Fc(K) and BiTE-KIH^r^ is as BiTE on Fc(H). The pairing Fc(H) or Fc(K) contains the hinge, C~H~2 and C~H~3 domains only. Examples are shown for diL2K and 5--10.

Results {#s0002}
=======

KIH construction {#s0002-0001}
----------------

Three well-established antibodies, diL2K (αCD3), 5-10 (αEpCAM)[@cit0056] and 4D5 (αHER2)[@cit0057] were chosen to construct a total of 8 bispecific antibodies in 4 different KIH scaffolds, namely scFv-KIH (αCD3 on knob), scFv-KIH^r^ (αCD3 on hole), BiTE-KIH (BiTE on knob) and BiTE-KIH^r^ (BiTE on hole) ([**Table 1**](#t0001){ref-type="table"}, [**Fig. 1**](#f0001){ref-type="fig"}). diL2K engages T-cells via interaction with CD3 signaling complex, a T-cell receptor. 5--10 and 4D5 recognize tumor antigen epithelial cell adhesion molecule (EpCAM) and human epidermal growth factor receptor (HER)-2, respectively. Inspired by catumaxomab, we anchored diL2K to Fc(K) and 5--10 or 4D5 to Fc(H), resulting in an scFv-KIH. A [r]{.ul}eversed arrangement with diL2K on Fc(H) and 5-10/4D5 on Fc(K) was defined as scFv-KIH^r^ to distinguish the 2 forms, but viewed as an equivalent molecule to scFv-KIH. scFvs were used instead of Fab to circumvent LC mispairing. Table 1.KIH molecules expressed in Xpress CFTarget1Target 2MoleculeScaffold^§^CD3EpCAMdiL2K-Fc(K)+5-10-Fc(H)scFv-KIH  5-10-Fc(K)+diL2K-Fc(H)scFv-KIH^r^  5-10xdiL2K-Fc(K)+Fc(H)BiTE-KIH  5-10xdiL2K-Fc(H)+Fc(K)BiTE-KIH^r^CD3HER2diL2K-Fc(K)+4D5-Fc(H)scFv-KIH  4D5-Fc(K)+diL2K-Fc(H)scFv-KIH^r^  diL2Kx4D5-Fc(K)+Fc(H)BiTE-KIH  diL2Kx4D5-Fc(H)+Fc(K)BiTE-KIH^r^[^1]

Given that tandem scFv BiTEs are another promising class of bispecific antibodies currently in clinical development,[@cit0028] we constructed BiTE-KIH in the attempt to extend the half-life of BiTEs. BiTE 5-10xdiL2K (solitomab)[@cit0056] and BiTE diL2Kx4D5 were constructed and fused with either Fc(K) or Fc(H), resulting in BiTE-KIH and BiTE-KIH^r^, respectively ([**Fig. 1**](#f0001){ref-type="fig"}).

KIH assembly as function of plasmid ratio between knob and hole {#s0002-0002}
---------------------------------------------------------------

Similar to KIH production in *E. coli* or mammalian cell expression systems, efficient KIH production in Xpress CF also depends on approximately equal expression of knob and hole polypeptides. While balancing knob and hole polypeptide expression can be challenging in conventional expression systems, this can be quickly addressed in Xpress CF. By simply adjusting the plasmid ratio between knob and hole DNA added into the cell-free reaction, high-quality KIH production can be achieved with maximal assembled KIH and minimal unassembled knob or hole. As shown in [**Figure 2A** and **2C**](#f0002){ref-type="fig"}, excessive knob or hole is observed at extreme plasmid ratios between 4D5-Fc(K) and diL2K-Fc(H). Shifting the plasmid ratio to 1:1, the majority of knob and hole assemble into KIH with negligible amount of unassembled chains. Such an optimization process is particularly efficient when the expression levels between the 2 participants are different. For example, the expression titer of 5-10xdiL2K-Fc(H) is only about 1/5 of its partner Fc(K) (**Fig. S1**). The highest titer of this BiTE-KIH^r^ is obtained at knob:hole ratio of 1:5 ([**Fig. 2B, 2D**](#f0002){ref-type="fig"}). Figure 2.KIH assembly at various plasmid ratios between knob and hole. Soluble fractions from cell-free reaction were visualized by SDS-PAGE with ^14^C autoradiography of incorporated leucine at 14 h that measures cell-free produced proteins only. Representative titrations were shown for (**A, C**) 4D5-Fc(K)+diL2K-Fc(H) (scFv-KIH^r^) and (**B, D**) Fc(K)+diL2Kx5-10-Fc(H) (BiTE-KIH^r^). The plasmid ratios between knob and hole for each lane in (**A**) and (**B**) are indicated in (**C**) and (**D**), respectively. Optimal plasmid ratio (knob:hole) were identified as 1:1 for scFv-KIH^r^ (**C**) and 1:5 for BiTE-KIH^r^ (**D**), giving rise to highest yield and assembly.

Due to the large difference in size between knob and hole for BiTE-KIH and BiTE-KIH^r^, SDS-PAGE is a useful tool to evaluate the KIH assembly in these 2 scaffolds. However, it lacks the resolution to distinguish between homodimer and heterodimer for scFv-KIH or scFv-KIH^r^. As such, LC-MS was applied for assembly assessment. For example, there is minimal knob or hole homodimers observed by LC-MS for 5-10xdiL2K in scFv-KIH^r^ when being co-expressed at optimal K:H plasmid ratio (**Fig. S2**).

Comparison of KIH scaffolds {#s0002-0003}
---------------------------

BiTE-KIH and BiTE-KIH^r^ give rise to an asymmetric molecule, which combines the structural features and biological functions of the BiTE with the half-life extending properties of the Fc. Despite the small difference, BiTE-KIH^r^ outperforms BiTE-KIH in terms of expression titer ([**Fig. 3**](#f0003){ref-type="fig"}). BiTE-Fc(K) and BiTE-Fc(H) exhibit comparable expression titers on their own, but Fc(K) is greater than Fc(H) with regards to expression titer (**Fig. S1**). Therefore, it seems that Fc(K) is a better folding partner for BiTE-Fc(H) than Fc(H) is for BiTE-Fc(K). Figure 3.Expression titer comparison of all 4 KIH scaffolds. Expression titers are reported for the co-expression conditions at optimal plasmid ratio between knob and hole. scFv-KIH subgroup (scFv-KIH and scFv-KIH^r^) expresses much better than BiTE-KIH subgroup (BiTE-KIH and BiTE-KIH^r^), except for 5-10xdiL2K-BiTE-KIH^r^ which is comparable to its scFv-KIH or scFv-KIH^r^ counterparts due to its well-behaved BiTE conformation. BiTE-KIH^r^ in general outperformed BiTE-KIH at least 2 folds.

Overall, BiTE-KIH expression is less robust than the scFv-KIH. With only one exception, 5-10xdiL2K-Fc(H)+Fc(K) BiTE-KIH^r^, the expression titers of scFv-KIHs are at least 2-fold higher than those of the BiTE-KIHs ([**Fig. 3**](#f0003){ref-type="fig"} and **Table S1**). The difference may stem from the fact that BiTE molecules are structurally more complex than scFvs and therefore may not fold well when fused to an Fc domain. However, some very well-behaved BiTEs such as 5-10xdiL2K can result in comparable expression titers between BiTE-KIH^r^ and scFv-KIH scaffolds.

"Add-back" approach for KIH expression using prefabricated knob or hole {#s0002-0004}
-----------------------------------------------------------------------

Previously, Yin et al. have shown that Fab production in Xpress CF can be dramatically improved with production of LC for one hour prior to HC production.[@cit0046] Thus, we adapted a similar concept for KIH production, suspecting prefabricated knob or hole polypeptide might serve as a chaperon to facilitate the folding of its partner and promote KIH assembly. Using 5-10-Fc(K)+diL2K-Fc(H) (scFv-KIH^r^) as an example, indeed more 5-10-Fc(K) expressed in the presence of its partner diL2K-Fc(H) protein, and vice versa. As a result, the expression titer of the scFv-KIH^r^ doubled from 500 mg/L in co-expression to 950 mg/L using 1 mg/mL of prefabricated 5-10-Fc(K), and tripled to 1300 mg/L using 1 mg/mL of diL2K-Fc(H) ([**Fig. 4A, 4C**](#f0004){ref-type="fig"} and **Table S1**). Moreover, titrating in diL2K-Fc(H) from 0.75 mg/mL to 1 mg/mL continuously increased the titer of the scFv-KIH^r^ from 800 mg/L to 1300 mg/L (**Table S1**), suggesting that the expression is probably limited by the amount of diL2K-Fc(H) added to the cell-free reaction, and could potentially be further increased with additional diL2K-Fc(H). Figure 4.Titration of prefabricated knobs or holes in cell-free KIH expression. In the case of 5-10-Fc(K)CdiL2K-Fc(H) (scFv-KIH^r^), prefabricated diL2K-Fc(H) and 5-10-Fc(K) at 1 mg/mL approximately increases the expression titer of KIH by 3 folds and 2 folds, respectively, in comparison of co-expression titer (control at optimal plasmid ratio K:H D 1:2) (**A, C**). For diL2Kx4D5-Fc(K)CFc(H) (BiTE-KIH), 0.25 mg/mL of prefabricated Fc (H) can already increase the BiTE-KIH expression titer by ∼75% compared to co-expression titer (control at optimal plasmid ratio K:H D 2:1). However, no further improvement was observed with increased amount of Fc(H) (**B, D**). Soluble fractions from cell-free reaction were visualized by SDS-PAGE with ^14^C autoradiography of incorporated leucine at 14 h that measures cell-free produced proteins only. The concentrations of prefabricated protein added in cell-free reactions in (**A**) and (**B**) are indicated in (**C**) and (**D**), respectively.

Another case suggested that addition of more prefabricated knob or hole may not always be beneficial. For instance, 0.25 mg/mL of prefabricated Fc(H) increased expression of diL2Kx4D5-Fc(K)+Fc(H) (BiTE-KIH) from 200 mg/L in co-expression to 350 mg/L, but there is no further improvement when more Fc(H) was provided ([**Fig. 4B, 4D**](#f0004){ref-type="fig"} and **Table S1**). Thus, it is most likely that the BiTE-KIH expression plateau is determined by the expression of diL2Kx4D5-Fc(K) itself, which is already at its apex in the presence of 0.25 mg/mL of Fc(H). Taken together, the effect of the "add-back" approach must depend on the expression level of the plasmid in the cell-free expression system, which is governed by the primary sequence.

During the preparation of individual knob or hole for "add-back" expressions, we noticed that concentrated knob tends to precipitation at higher concentrations. The propensity to aggregate is expected for knobs, because the mutant tryptophan (T366W) is more exposed in knob monomers than the mutants (T366S, L368A and Y407V) in hole monomers. These inherent structural features also manifest in more notable homodimerization for holes than for knobs (**Fig. S1**). However, the homodimerization is likely in equilibrium, enabling dissociation to form monomers upon being added into cell-free reactions.[@cit0058]

Characterization of KIH molecules {#s0002-0005}
---------------------------------

The selection of the KIH scaffold depends on not only the expression titer, but also the performance in various biological function assays. To confirm bispecific KIH molecules produced in Xpress CF are capable of dual targeting and cell killing by engaging T cells, we chose the well-established model bispecific antibody, 5-10xdiL2K, as an example, and expressed and purified 5-10xdiL2K KIHs in all 4 scaffolds, which were then subjected to SDS-PAGE for assembly assessment (**Fig. S3**) and LC-MS for identity confirmation (**Table S2**). All showed heterodimers as the major product except for BiTE-KIH^r^ due to non-optimal knob:hole ratio, which showed more unassembled Fc(K) as shown in **Figure S3**.

5-10xdiL2K KIHs were first examined for their dual specificity to CD3 and EpCAM antigens using CD8 T cells and cells that express various levels of EpCAM on the surface, including HCT-116, JIMT-1 and CHO-hEpCAM. All 4 scaffolds possess comparable affinities toward both CD3 and EpCAM as the control, 5-10xdiL2K (BiTE, 2 scFv in tandem) ([**Fig. 5**](#f0005){ref-type="fig"}). Their ability of T cell activation was also evaluated by incubation with T cells in the presence and absence of tumor cells (HCT-116). Only in the presence of tumor cells, T cell activation took place as early as 4 h ([**Fig. 6A**](#f0006){ref-type="fig"}) and was continuous at 24 h ([**Fig. 6B**](#f0006){ref-type="fig"}). Furthermore, cell killing was monitored at various KIH concentrations, and all KIH scaffolds induced robust cell killing by activated T cells ([**Fig. 7**](#f0007){ref-type="fig"}). BiTE-KIH and BiTE-KIH^r^ yield EC50 values that are highly similar to the BiTE control, suggesting that tethering a KIH-Fc to a BiTE does not interfere with its function, and appears as a sound approach for half-life extension of tandem scFvs. It is also interesting to observe that scFv-KIH^r^, with the highest affinity to CD3, has the lowest EC50. This observation implies that high antigen affinity might not be desirable because release from the target might be difficult, and therefore deteriorate its dual targeting capability. The KIHs (except for scFv-KIH^r^ due to poor cell killing activity) were also investigated for PK properties, and show comparable in vivo stability. All KIHs (100 kDa) have significantly longer half-life than the BiTE control (50 kDa), but are less stable than trastuzumab IgG (150 kDa) and scFv-Fc (100 kDa) as expected due to destabilizing mutations in the C~H~3 domains ([**Fig. 8**](#f0008){ref-type="fig"}).[@cit0040] Figure 5.Relative cell binding affinities of αEpCAMxαCD3 bispecific antibodies. 5-10xdiL2K-KIH bispecific antibodies binding to CD3 T cells (**A**) and EpCAM+ HCT-116 (**B**), JIMT-1 (**C**) and CHO-EpCAM cells (**D**) was determined by FACS. Xpress CF expressed 5-10xdiL2K is a bispecific molecule with 2 tandem scFv, serving as a positive control. Mean values and standard deviation of duplicate values are shown. Figure 6.T cell activation induced by αEpCAMxαCD3 bispecific antibodies. CD8 T cells were treated with 5-10xdiL2K-KIH bispecific antibodies (1 μg/mL), either alone or with HCT-116 cells at an E:T ratio of 15:1. Surface expression of immediate/early T cell activation marker CD69 after 4 h treatment (**A**) or co-expression of CD69 and CD25 after 24 h treatment (**B**) on CD8 T cells was assessed by FACS. Results were from 2 independent experiments. Xpress CF expressed BiTEs αCD3xαCD19 and 5-10xdiL2K serve as negative and positive controls, respectively. Figure 7.Redirected lysis of EpCAM+ human carcinomas by αEpCAMxαCD3 bispecific antibodies. Redirected lysis of HCT-116 and JIMT-1 cells by 5-10xdiL2K-KIH bispecific antibodies was measured by a FACS-based cytotoxicity assay. CD8 T cell donors, donor 1 and donor 2, were used for both cell line killing assessments at an E:T ratio of 15:1. Representative of 3 independent experiments is shown. Cell-free expressed BiTEs αCD3xαCD19 and 5-10xdiL2K serve as negative and positive controls, respectively. Figure 8.Pharmacokinetics of αEpCAMxαCD3 bispecific antibodies. 5--10xdiL2K-KIH bispecific antibodies were intravenously injected at a dose of 5 mg/kg in mice and plasma samples were collected at different time points. Bispecific antibody plasma levels were determined by EpCAM-binding ELISA for 5-10xdiL2K (control) or hIgG-Fc ELISA for Fc-fusion bispecific antibodies. Trastuzumab-scFv-Fc (red) and trastuzumab-IgG (blue) were made using Xpress CF, and evaluated for their PK using immunodeficient mice in a separate experiment. Mean values and standard deviation of triplicate plasma samples are shown.

Discussion {#s0003}
==========

We used an *E. coli* based cell-free expression system (Xpress CF) to produce KIH molecules. Taking advantage of its high manipulability, we were able to perform quick optimization processes on various molecules in multiple scaffolds. Furthermore, we developed an "add-back" approach that improves titer in comparison to co-expression.

Consideration of configuration in KIH design {#s0003-0001}
--------------------------------------------

Four KIH scaffolds that are categorized into scFv-KIH, BiTE-KIH and their reverse orientation were evaluated for their expression titers. Without adding another dimension of complexity to the study, we constructed the scFvs and BiTEs to adopt a single configuration. For example, diL2K scFv is constructed as V~H~-V~L~ and 5-10xdiL2K BiTE as 5-10(V~L~-V~H~)xdiL2K(V~H~-V~L~). However, other factors should also be taken into consideration during novel KIH design such as 1) the orientation within the scFv (V~L~-V~H~ vs. V~H~-V~L~),[@cit0059] 2) the order of 2 scFvs on BiTE construct,[@cit0061] and 3) the length and composition of the linkers (between 2 scFv as well as between V~L~ and V~H~),[@cit0063] all of which likely contribute to KIH folding and assembly.

Comparison among 4 KIH scaffolds indicates that scFv-KIH and scFv-KIH^r^ appear to be superior scaffolds to BiTE-KIH and BiTE-KIH^r^ to develop a novel KIH styled bispecific antibody, since they offer better expression. However, for the development of an established BiTE with extended half-life in serum, the BiTE-KIH^r^ scaffold would offer a viable approach that is more suitable than the BiTE-KIH scaffold.

It is intriguing to observe the significant difference in expression between BiTE-KIH and BiTE-KIH^r^, given that they are considered to be conceptually equivalent, indicating that Fc(H) is more tolerant of a hard-to-express sequence, such as a BiTE, than Fc(K). This is in agreement with the observation that holes are generally more stable than knobs. The same strategy can be adopted by scFv-KIH design when the arrangement on the KIH needs to be made for 2 scFv that have significantly different expression levels. Assuming equal biological efficacy, we suggest that it is generally preferable to anchor the hard-to-express sequence to Fc(H) rather than Fc(K) in order to achieve the highest expression titers.

Realistically, subtle differences in KIH scaffolds may manifest unique biological properties. Therefore, it is critical to review both expression titers and bifunctional performance to determine the best KIH scaffold for any given application.

Application of "add-back" approach in high-throughput screening of KIH {#s0003-0002}
----------------------------------------------------------------------

For development, the "add-back" strategy may seem labor intensive, with additional expression and purification steps. But it may prove to be efficient and cost effective in high-throughput screening, because there is no need to optimize the plasmid ratio in order to achieve high expression of KIHs. Such an application is especially useful when producing KIHs that share the same knob or hole, for example, BiTE-KIH^r^ production using prefabricated Fc(K). With an expression titer of 1.4 g/L, prefabricated Fc(K) can be easily stocked and used for pairing with different BiTE-Fc(H)s.

Expression of conventional KIH in Xpress CF {#s0003-0003}
-------------------------------------------

Conventional KIH molecules contain 2 distinctive Fab instead of scFv, which adds complexity to KIH production, specifically LC pairing. Practices developed to avoid this problem include the utilization of 1) common LC,[@cit0032] 2) Fab with orthogonal LC-HC interface,[@cit0034] and 3) CrossMab with switched V~H~-V~L~ or C~H~1-C~L~.[@cit0035] Because of its high manipulability, we are confident that the cell-free expression system is capable of producing conventional KIH. A more sophisticated optimization process is required to determine the optimal plasmid ratio among all participants. If common LC is the approach taken to produce KIH, "add-back" strategy with prefabricated LC might be beneficial.

Aglycosylated KIH produced in Xpress CF {#s0003-0004}
---------------------------------------

As the first approved bispecific antibody, catumaxomab is equipped with 2 critical features to enable efficient cell killing, 1) effective colocalization of tumor cells and activated T-cells, and 2) recruitment of effector cells such as natural killer cells and macrophages.[@cit0006] The effector functions include antibody-dependent cell-mediated cytotoxicity, antibody-dependent cellular phagocytosis and complement-dependent cytotoxicity, and are only achievable via interactions between glycosylated Fc and Fc receptors on the effector cells.[@cit0065] As an *E. coli*-based cell-free expression system, the Xpress CF platform produces KIH molecules that are aglycosylated and therefore lack effector function. If effector function is desired, compensatory mutations could be made to the C~H~2 domain to enable effector function in aglycosylated Fc.[@cit0067] Furthermore, glycosylated proteins could possibly be produced by including appropriate enzymes in cell-free reactions.[@cit0069] Alternatively, a non-natural amino acid can be incorporated at the glycosylation site N297,[@cit0049] followed by site-specific conjugation of glycans in a post-translation manner.[@cit0070]

Materials and Methods {#s0004}
=====================

KIH constructs {#s0004-0001}
--------------

All DNA sequences used in this work were codon optimized and inserted in the previously described pYD317 vector between *NdeI* and *SalI* cloning sites.[@cit0046] Using site-directed mutagenesis, the Fc region of trastuzumab[@cit0041] was engineered to render the knob (T366W) or the hole (T366S, L368A and Y407V).[@cit0036] 4D5 scFv was generated based on trastuzumab IgG by overlapping PCR in a V~L~-V~H~ format, and diL2K scFv, 5-10 scFv, 5-10xdiL2K BiTE and diL2Kx4D5 BiTE were synthesized by DNA 2.0 (Menlo Park, CA). Three linkers were used to ensure flexibility to maintain antigen binding capabilities, a 15-25mer between V~L~ and V~H~, a pentamer between 2 scFv in BiTEs, and a 11mer between scFv or BiTE and Fc(K) or Fc(H).

Cell-free expression {#s0004-0002}
--------------------

Cell-free reactions were performed as previously described.[@cit0046] A few parameters were fixed to simplify the optimization process of KIH expression conditions, including temperature at 30°C, total plasmid concentration at 10 μg/mL (4 nM), and 30% extract SBDG108. Extract SBDG108 was chosen because it expresses both DsbC and FkpA, 2 chaperons that are essential for IgG folding and assembly.[@cit0048] Small scale reactions at 100 μL were performed in a 96-well microtiter plate with a breathable cover while shaking at 650 rpm for 14 hours in an Eppendorf Thermomixer R. For protein production purposes, larger scale reactions (20-50 mL) were set up in a thin-film petri dish format without shaking.

Two approaches were employed for KIH expression, 1) co-expression and 2) expression with prefabricated knob or hole. In co-expression reactions, both plasmids encoding either knob or hole were provided at various ratios. Alternatively, either knob or hole proteins were individually expressed and purified in advance, and added into cell-free reactions expressing the complementary partners. The best expression conditions that gave rise to the most assembled KIH and least unassembled single chains were identified.

Protein titer quantification {#s0004-0003}
----------------------------

Protein titers were quantified by monitoring the incorporation of L-\[^14^C(U)\]-leucine (NEC279E001MC, PerkinElmer) as previously described.[@cit0047] Briefly, soluble fractions were isolated and analyzed on SDS-PAGE (Life Technologies^TM^), in terms of fully and partially assembled KIHs, and folded and clipped knobs and holes. The SDS-PAGE gels were visualized by autoradiography using a STORM 840 PhosphoImager, and quantified by ImageQuantTL software (GE Life Sciences, NJ). KIH titers were therefore determined based on the pixel ratio between the fully assembled KIH under non-reducing condition and all soluble protein produced under reducing condition. Titers of individual knob and hole were determined in a similar manner with the exception that both homodimer and monomer under non-reducing condition were taken into account as folded proteins.

Purification of assembled KIH and KIH single chains {#s0004-0004}
---------------------------------------------------

Both intact KIH molecules and KIH single chains (individual knobs and holes) were purified using either a ProteinMaker^TM^ system (Emerald) or AKTA FPLC system (GE Healthcare). Briefly, harvested cell-free reaction was diluted with 0.1 M NaH~2~PO~4~, pH 7.3 at 1:2 ratio, and centrifuged at 10,000 g for 30 min. The supernatant was filtered through a 0.45 μm filter, and then loaded onto pre-equilibrated MabSelect SuRe column (GE Healthcare). After washing with 10 CV of 0.1 M NaH~2~PO~4~, 800 mM arginine, pH 7.0, the desired protein was eluted with 5 CV of 0.1 M citric acid, 300 mM arginine, pH 3.0, and immediately neutralized by ∼17% of 1 M Tris, pH 9. To prevent buffer components from interfering with cell-free reactions, KIH single chains were further dialyzed against 10 mM Tris-acetate, pH 8.2, 60 mM potassium acetate, and concentrated to 5--10 mg/mL with Amicon Ultra-15 Centrifugal Filter Units 10K MWCO (EMD Millipore).

LC-MS {#s0004-0005}
-----

Non-reduced samples were diluted to 10--20 μM in phosphate buffered saline, (PBS; pH 7.4 from 10x stock). Reduced samples were incubated with 4 M guanidine HCL, 20 mM dithiothreitol, and 1x PBS for 45 min at 46°C. After reduction the samples were cooled to room temperature and trifluoroacetic acid added to 0.5% (from 10% stock) and then stored at less than 10°C until analyzed.

All samples were run on an PLRP-S column (5 μm, 1000 Å, 2.1 × 50 mm, Agilent Technologies, Santa Clara, CA) using 0.1% formic acid water (mobile phase A) and 20:80, 2-propanol:acetonitrile with 0.1% formic acid (mobile phase B) on an Agilent 1200 binary SL pump at 0.4 mL/min. Column temperature was 80°C for non-reduced samples and 50°C for reduced samples. The gradients for both non-reduced and reduced samples were the same: washing on column for 5 min at 5% B with diversion to waste post column, followed by a gradient to 90% B over 20 min. To clean the column, mobile phase B was switched between 95% and 10% every 30 sec for a total of 3 times. Lastly, the column was equilibrated for 5 min at 5% B before each sample or blank injection. Sample loadings were approximately 15 pmol of total protein (as determined by A280) per injection.

All samples were run on an Agilent Accurate Mass 6520 QTOF using a dual spray source. The capillary voltage was at 4000 V, source gas temperature at 325°C, skimmer at 65 V, drying gas at 8 L/min, and nebulizer at 30 psig. Spectra were acquired every one second from 500--3200 m/z in extended dynamic range mode. Non-reduced sample spectra were acquired with a Fragmentor voltage of 370 V. Reduced samples were acquired at 200 V and 300 V (using 2 events in the same experiment time segment). The lower Fragmentor voltage was optimized for a protein of around 50 kDa. All runs were internally calibrated using the HP-922 reference compound sprayed in on the reference nebulizer of the dual spray source with averaging every 5 scans.

All data were analyzed using MassHunter Qualitative B.06 from Agilent. All peaks in the total ion chromatogram and UV-Vis chromatograms (214 nm and 280 nm) were interrogated by combining their respective mass spectra. Where an expected species was not observed, extracted ion chromatograms, based on theoretical m/z values, were used to search for ions. Spectra were deconvoluted using the Maximum Entropy algorithm in Bioconfirm (add-on to MassHunter Qualitative). More accurate masses were assigned to wider peaks using the pMod deconvolution algorithm. Theoretical averages masses were calculated with GPMAW (Lighthouse Data, Odense, Denmark).

Cell culture and transfection {#s0004-0006}
-----------------------------

HCT-116, JIMT-1 and CHO-K cells were obtained from the American Type Culture Collection. HCT-116 and JIMT-1 were cultured in DMEM/F12 media supplemented with 10% heat-inactivated FBS and CHO-K cells were maintained in RPMI media supplemented with 10% heat-inactivated FBS. Stable CHO-K cells expressing human EpCAM were generated by transfecting cells with a human EpCAM-puromycin expression construct and selection with 30 μg/mL puromycin (Clonetech). Stable cell lines with high EpCAM expression were isolated by limiting dilution after 5 d of selection. CD8 T cells were isolated from peripheral blood mononuclear cells (PBMC) of healthy donors (Stanford Blood Center). PBMCs were prepared from enriched lymphocyte preparations (buffy coats) diluted 2-fold with PBS and 30 mL of the diluted buffy coat was layered over 15 mL NycoPrep 1.077 (Cosmo Bio) in a 50 mL Leucosep centrifuge tube (Greiner Bio-One). Lymphocyte layer was collected, washed twice with PBS and red blood cells were depleted with ACK lysing buffer (Lonza). CD8 T cells were isolated by CD8 microbeads (Miltenyi Biotec) using the autoMACS Pro Separator (Miltenyi Biotec). Purified CD8 T cells were cultured in RPMI media containing 10% heat-inactivated FBS, penicillin-streptomycin (Corning) and GlutaMAX (Life Technologies).

Cell binding assay {#s0004-0007}
------------------

Bispecific antibody binding affinities to cell-surface expressed CD3 and EpCAM were determined by flow cytometry. Antibodies were serial diluted 3-fold in fluorescence-activated cell sorting (FACS) binding/wash buffer (PBS containing 0.5% BSA and 0.05% sodium azide) and all steps were performed at 4°C. Human CD8 T cells, HCT-116, JIMT-1 or CHO-hEpCAM cells (2e5 cells/96 well) were incubated with diluted antibodies for 1 h and cells were washed twice, followed by antibody detection with 5 μg/mL biotinylated Protein L (Pierce) and 2 μg/mL streptavidin-PE (eBioscience). Cells were fixed with 4% PFA in PBS and analyzed with a BD Bioscience LSR II flow cytometer. Data was analyzed using FlowJo software (Treestar) and Prism (GraphPad) using the one site-specific binding with Hill slope equation.

T cell killing assay {#s0004-0008}
--------------------

BiTE activity for αEpCAMxαCD3 bispecific antibodies was measured by flow cytometry. EpCAM-expressing HCT-116 or JIMT-1 cells were pre-labeled with 10 μM CellTrace Oregon Green 488 carboxy-DFFDA SE (Life Technologies) for 30 min, washed 3 times and plated at a density of 2e5 cells/96-well in DMEM/F12 media. The following day, cell media was exchanged for RPMI media and 3-fold serial diluted antibodies and CD8 T cells at 15:1 effector-to-target (E:T) cell ratio were added in a total volume of 150 μL. After 24 h co-culture, all cells were harvested with Accutase (BD Biosciences), washed once with FACS wash buffer and resuspended in FACS wash buffer supplemented with 5 μg/mL propidium iodide (PI) (Sigma-Aldrich) to stain dead cells. Cells were analyzed with a BD Bioscience LSR II flow cytometer using the FITC and PE-Cy5 channels to identify labeled target cells and dead cells, respectively. Using FlowJo software (Treestar), the percentage of dead target cells were calculated by the number of PI+/Oregon Green 488^+^ cells divided by the total number of Oregon Green 488^+^ cells. Antibody-mediated specific killing (%) was determined by subtracting background killing in the absence of antibody. Dose-response EC50 was calculated using the log (agonist) vs. response - variable slope (4 parameters) equation in Prism (GraphPad). To monitor the extent of T-cell activation, CD8 T cells were treated with 1 μg/mL bispecific antibody in the absence or presence of HCT-116 cells at an E:T ratio of 15:1 for 4 h and 24 h at 37°C. T cells were collected and stained for CD69-APC (FN50, eBioscience) and CD25-PE (2A3, BD Biosciences). CD8 T cells, identified as Oregon Green^-^ cells, were analyzed for CD69 or CD69 and CD25 reactivity. T cell activation after 4 h and 24 h was reported as percent CD69+ and CD69+/CD25+ T cells, respectively.

Pharmacokinetic analysis of bispecific αEpCAMxαCD3 antibodies {#s0004-0009}
-------------------------------------------------------------

Mice were intravenously injected in the tail vein with 100 μg antibody (5 mg/kg dose) and randomized into 4 different sub-groups of 3 mice each. Blood samples were collected at each time point (5 m, 30 m, 1 h, 2 h, 4 h, 6 h and 1 day for 5-10xdiL2K or 5 m, 30 m, 1 h, 2 h, 4 h, 6 h, 1 d, 2 d, 3 d, 5 d and 7 d for KIH antibodies) from alternating sub-groups and antibody plasma concentrations were determined by ELISA. For 5-10xdiL2K, plasma concentrations were determined by EpCAM-binding ELISA. Nunc MaxiSorp plates (Thermo Scientific) were coated with 1 μg/mL recombinant EpCAM-His (ACROBiosystems) diluted in carbonate/bicarbonate buffer pH 9.6 and incubated overnight at 4°C. Following steps were performed at room temperature. Plates were washed twice with PBS + 0.05% Tween, blocked with 0.5% ovalbumin in PBS for 1 h and washed again twice before adding serial diluted plasma samples in diluent buffer (0.5% ovalbumin, 0.05% Tween in PBS) for 2 h. Plates were washed 5 times and HRP-conjugated Protein L (Thermo Scientific) was added for 1 h at a dilution of 1:1,000 in diluent buffer. For KIH scaffolds, plasma concentrations were determined by anti-human Fcγ-specific ELISA. ELISA plates were coated with 0.5 μg/mL goat anti-human IgG, Fcγ-fragment specific (Jackson ImmunoResearch) diluted in carbonate/bicarbonate buffer pH 9.6 and incubated overnight at 4°C. Plates were washed twice, blocked with 0.5% BSA in PBS for 1 h and washed again twice before adding serial diluted plasma samples in diluent buffer (0.5% BSA, 0.05% Tween in PBS) for 2 h. Plates were washed 5 times and HRP-conjugated goat anti-human IgG, Fcγ-fragment specific was added for 1 h at a dilution of 1:10,000 in diluent buffer. For both ELISA formats, secondary-bound plates were washed 5 times and 3,3′,5,5′-tetramethylbenzidine substrate (SureBlue Reserve, KPL) was added for 30 min before quenching the reaction with 1 N phosphoric acid. Absorbance at 450 nm was measured using a SpectraMax M5 microplate reader (Molecular Devices) and data was analyzed with Prism (Graphpad) using log OD versus log Ab concentration linear regression analysis. Plasma samples were diluted within a specified range without plasma interference.
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[^1]: ^§^Scaffolds are as described in [**Figure 1**](#f0001){ref-type="fig"}. diL2K is anchored to Fc(K) for scFv-KIH and Fc(H) for scFv-KIH^r^, respectively. BiTEs are constructed as 5-10xdiL2K and diL2Kx4D5, and attached to Fc(K) as BiTE-KIH and to Fc(H) as BiTE-KIH^r^, respectively.
